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Abstract Microbes are thought to have key roles in the 
development of the special properties of post-fermented 
pu-erh tea (pu-erh shucha), a well-known traditional Chi- 
nese tea; however, little is known about the bacteria during 
the fermentation. In this work, the structure and dynamics 
of the bacterial community involved in the production of 
pu-erh shucha were investigated using 16S rRNA gene 
clone libraries constructed from samples collected on days 
zero (LD-0), 5 (LD-5), 10 (LD-10), 15 (LD-15) and 20 
(LD-20) of the fermentation. A total of 747 sequences with 
individual clone library containing 115-174 sequences and 
4-20 unique operational taxonomic units (OTUs) were 
obtained. These OTUs were grouped into four phyla (Ac- 
tinobacteria, Bacteroidetes, Firmicutes and Proteobacteria) 
and further identified as members of 10 families, such as 
Alcaligenaceae, Bacillaceae, Enterobacteriaceae, etc. The 
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dominant bacteria were Enterobacteriaceae in the raw 
material (LD-0) and in the initial stages of fermentation 
(LD-5 and LD-10), which changed to Bacillaceae at the 
last stages of fermentation (LD-15 and LD-20) at a tem- 
perature of 40-60 °C. It is interesting that the dominant 
OTUs in libraries LD-15 and LD-20 were very closely 
related to Bacillus coagulans, which is a safe thermoduric 
probiotic. Together the bacterial diversity and dynamics 
during a fermentation of pu-erh shucha were demonstrated, 
and a worthy clue for artificial inoculation of B. coagulans 
to improve the health benefits of pu-erh shucha or produce 
probiotic pu-erh tea were provided. 


Keywords Bacillus coagulans - Bacterial diversity - 
Fermentation - Probiotic - Pu-erh shucha - Tea 


Abbreviations 

GRAS Generally recognized as safe 

OTUs Operational taxonomic units 

QPS Qualified presumption of safety 

PCR-DGGE Polymerase chain reaction denaturing 
gradient gel electrophoresis 

SSF Solid-state fermentation 

Introduction 


Apart from water, tea is the most widely consumed bev- 
erage in the world. Tea is consumed on every continent and 
in almost every country. China is the homeland of the tea 
plant (Camellia sinensis) and a great variety of tea products 
can be found in the vast tea-producing areas of this coun- 
try. In China, tea is classified into six basic varieties (green, 
yellow, dark, white, oolong and black) based on different 
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combinations of processing methods and the degree of 
oxidation of the polyphenols present (Ho et al. 2008). 

Pu-erh tea, a well-known traditional Chinese tea pro- 
duced in Yunnan Province, Southwest China, can be cat- 
egorized as non-fermented pu-erh tea (pu-erh shengcha) or 
post-fermented pu-erh tea (pu-erh shucha). Pu-erh sheng- 
cha is made by pressing of sun-dried green tea leaves [C. 
sinensis var. assamica (JW Masters) Kitamura] that was 
manufactured originally in Yunnan Province. Pu-erh shu- 
cha is produced by microbial fermentation of sun-dried 
green tea leaves (Chen et al. 2008). Two manufacturing 
procedures are widely used for the production of pu-erh 
tea: the classical pressing method and the wet-piling 
method, which produced pu-erh shengcha and pu-erh 
shucha, respectively. A solid-state fermentation (SSF), 
which is characterized by the growth of microbes, is the 
key step in the production of pu-erh shucha by the wet- 
piling method. The microbes are thought to have key roles 
in the formation of the properties characteristic of pu-erh 
shucha, including the reddish-brownish red liquor, the 
mellow taste and the stale flavor. A comprehensive study of 
the microbial communities responsible for the fermentation 
of sun-dried green tea could help to explain how the sen- 
sory qualities of pu-erh shucha develop. 

Because the quality of pu-erh shucha is closely related 
to the microbes’s active in the SSF process, microorgan- 
isms in pu-erh shucha or during the fermentations have 
been studied widely mainly using culture-based approa- 
ches. Many fungal species belonging to a variety of genera 
were found in pu-erh tea and during the fermentation (Sun 
2011; Zhao et al. 2010), including Absidia, Arxula, 
Aspergillus, Blastobotrys, Cladosporium, Corynascus, 
Dictyuchus, Emericella, Eurotium, Eutypella, Gliocladium, 
Fusarium, Hypocrea, Leptosphaeria, Mucor, Neurospora, 
Penicllium, Peziza, Phanerochaete, Plectosphaerella, Pi- 
chia, Rhizopus, Saccharomyces, Septogloeum, Stemphypi- 
um, Syncephalastrum, Talaromyces, Trametes, and 
Trichoderma. Additionally, several bacteria belonging to 
Actinoplanes, Streptomyces (Chen et al. 2010; Jeng et al. 
2007), Paenibacillus (Kim et al. 2009; Oh et al. 2008) and 
Bacillus (Peng and Yu 2011) were identified in some pu- 
erh tea samples, suggesting that both fungi and bacteria 
might have key roles in the fermentation of pu-erh shucha. 

However, the culture-dependent steps used in earlier 
studies are of limited value for exploring the variation and 
structure of microbial communities because they were 
limited to identifying isolated strains grown on specific 
nutrient media (Li et al. 2011). Hence, the diversity of 
microbes responsible for the fermentation of pu-erh tea 
could have been misinterpreted by the earlier studies, 
which were based on culture-dependent methods. Culture- 
independent methods that use direct analysis of the diver- 
sity of ribosomal RNA genes with no culture step are rapid 
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and provide a high-resolution description of microbial 
communities, allowing us to gain an overview of the 
structure of the microbial community (Amann and Ludwig 
2000); however, there have been few studies of the 
microbial community in tea using culture-independent 
methods. A study using polymerase chain reaction dena- 
turing gradient gel electrophoresis (PCR-DGGE) revealed 
that Aspergillus niger and Blastobotrys adeninivorans were 
the major fungi involved in pu-erh tea fermentation (Abe 
et al. 2008). A recent study using PCR-DGGE analysis 
revealed that the microorganisms found in another micro- 
bial fermented tea (Chinese Fuzhuan brick-tea) were from 
or closely related to the genera Aspergillus, Beauveria, 
Debaryomyces, Eurotium, Pestalotiopsis, Pichia, Rhizo- 
mucor, and Verticillium (Xu et al. 2011). 

In this study, the bacteria responsible for the properties 
of pu-erh shucha were investigated based on culture-inde- 
pendent strategy using the clone library method. 


Materials and methods 
Pu-erh tea fermentation and sample collection 


Sun-dried green tea used as raw material for the production 
of pu-erh shucha was purchased from Menghai, Yunnan, 
China. A 150 kg sample of the green tea leaves was mixed 
with 65 L of tap water to give a solid content of ~65 % 
(w/v) and loaded into a self-developing fermentation tank 
with automatic mixing (Supporting Fig. 1). During fer- 
mentation, the leaves were mixed to ensure homogeneity 
and tap water was added as necessary to keep the solids 
content at 65-75 %, w/v (as judged by the manufacturer). 
Samples were collected from the tank every 15 days and 
subjected to sensory evaluation as described by GB/T 
23776-2009 (Gong et al. 2009). The fermentation process 
was stopped when the fermented tea mass was reddish- 
brown and free from astringent taste (~20 days). Samples 
were collected on days 0, 5, 10, 15 and 20 of the fermen- 
tation process and subjected to microbial analysis. The 
temperature at the center of the fermented tea mass (depth 
~40 cm) was measured each day. 


Microbial DNA isolation from fermented tea mass 


A 5 g sample of leaves was suspended under sterile con- 
ditions in 50 mL of Tween-NaCl buffer [0.9 % (w/v) NaCl, 
0.05 % (v/v) Tween 20, 2 % (w/v) polyvinylpolypyrroli- 
done] and homogenized for 30 min in a sonicator at 4 °C. 
The suspension was passed through sterile gauze and 
centrifuged at 2,000xg for 2 min at 4 °C to remove par- 
ticulate matter. The supernatant was removed and centri- 
fuged at 12,000xg for 10 min at 4°C to obtain the 
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microbial precipitate. Microbial genomic DNA _ was 
extracted from the precipitate using the E.Z.N.A.'™ HP 
Plant DNA Kit (Omega Bio-Tek Inc., GA, USA) according 
to the manufacturer’s instructions. The DNA preparation 
was further purified using the E.Z.N.A.™ Soil DNA Kit to 
remove possible PCR inhibitors (e.g. polyphenol). 


Construction of the clone library 


The purified DNA was used as template for the PCR ampli- 
fication of bacterial 16S rRNA genes using general bacterial 
primers 8f (5‘-AGA GTT TGA TCC TGG CTC AG-3’) and 
1492r (5'-GGT TAC CTT GTT ACG ACT T-3’) (Lane 1991). 
Each PCR reaction contained 5 U of Ex Taq’™ polymerase 
and 1 x Ex Taq™ buffer, 2.5 mM dNTP and 10 pmol of each 
primer (TaKaRa, Dalian, China). The volume of the reaction 
mixture was adjusted to 50 jl with ultra-pure water. Genes of 
16S rRNA were amplified using the following program: 
94 °C for 5 min then 30 cycles of 94 °C for 30 s, 50 °C for 
20 sand 72 °C for 90 s, anda final extension step of 72 °C for 
10 min. PCR products were verified by electrophoresis in 
0.7 % (wiv) agarose gel, purified with the SanPrep gel 
extraction kit (Sangon, Shanghai China) and cloned into the 
pMD® 19-T Vector (TaKaRa, Dalian, China). Transformation 
was done with competent Escherichia coli DH5«a cells (Ta- 
KaRa, Dalian, China). 


DNA sequencing and taxonomic assessment 


Positive colonies were sequenced with the primer M13 at 
Sangon Ltd. (Shanghai, China) using an Applied Biosystems 
automatic sequencer (ABI3730XL). The nearly 700 bp long 
16S rRNA genes were extracted with BioEdit software. The 
vector sequences were screened and removed using Vec- 
Screen on NCBI (http://www.ncbi.nlm.nih.gov/VecScreen/ 
VecScreen.html). All 16S rRNA gene sequences were 
checked for chimeric artifacts with DECIPHER (http:// 
DECIPHER.cee.wisc.edu) (Wright et al. 2012). 

The operational taxonomic units (OTUs) of the 16S 
rRNA gene sequences were determined by a 3 % cut-off 
using MOTHUR v1.27 (Schloss et al. 2009). The repre- 
sentative OTU sequences were identified taxonomically 
with the RDP Naive Bayesian rRNA Classifier Version 2.5 
(Wang et al. 2007) in the Ribosomal Database Project 
(http://rdp.cme.msu.edu/index.jsp). 


Coverage, diversity and richness estimates 


The Good’s coverage C of the clone library is given as 
1 — (nI1/N), where n1 is the number of clones that occurred 
in the library only once, and N is the total number of clones 
examined (Good 1953). The rarefaction values based on 
the presence and the abundance of OTUs in each of the 


clone libraries by a 3 % cut-off, diversity indices (Alpha, 
Shannon and Simpson) and richness estimators (ACE, 
Chaol and Chao2) were calculated with Estimates software 
version 8.2.0 (Colwell et al. 2012). 


Nucleotide sequence accession numbers 


The representative sequences of OTUs in this study were 
deposited in GenBank under accession numbers JX559692, 
JX559693, JX559695-JX559707, JX559709, JX559710, 
JX559713, JX559715-JX559720, JX559722-JX559730, 
JX559732-JX559736 and JX559738. 


Results 


Coverage, rarefaction analysis and diversity indices 
of the 16S rRNA gene libraries 


In order to identify the bacteria that are active during the 
fermentation of pu-erh shucha, 16S rRNA gene clone 
libraries were constructed from the samples collected on 
days 0 (LD-0), 5 (LD-5), 10 (LD-10), 15 (LD-15) and 20 
(LD-20) during the fermentation. A total of 747 16S rRNA 
gene sequences were obtained, with individual clone 
libraries containing 115-174 sequences and 4—20 unique 
OTUs (Table 1). 

The coverage of libraries LD-0, -5, -15 and -20 were 72.7, 
100, 81.8 and 80.0 %, respectively, and the rarefaction 
curves of these libraries reached an asymptote, demonstrat- 
ing that the major part of the bacterial diversity was included 
in these libraries (Table 1; Fig. 1). The coverage of the 
library LD-10 was 56.3 % and the failure of the rarefaction 
curve to plateau indicated that the community in the LD-10 
libraries was sampled incompletely (Table 1; Fig. 1). The 
diversity indices and richness estimates based upon the 


Table 1 Summary of sequence library sizes, operational taxonomic 
units (OTUs), and their richness estimates and diversity indices 


Index LD-0 LD-5  LD-10_ LD-15_~LD-20 
Library size 157 139 115 174 162 
OTUs identified 11 4 16 11 20 


Good’s coverage (%) 72.7 100 56.3 81.8 80.0 


Richness estimators 


ACE mean 14 4 21.25 11.33 20.86 

Chao | mean 14 4 21.25 11.33 20.86 

Chao 2 mean 11 4 16 11 20 
Diversity indices 

Alpha mean 2.69 0.77 5.05 2.61 6 

Shannon mean 1.84 0.45 1.81 1.02 2.14 

Simpson mean 5.29 1.25 3.88 1.67 5.22 
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Number of OTUs 
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Fig. 1 Rarefaction curve analysis of 16S rRNA gene clone libraries 
LD-0 (square), LD-5 (circle), LD-10 (triangle), LD-15 (inverted 
triangle) and LD-20 (diamond). OTUs were defined as sequences 
sharing 97 % nucleotide sequence similarity 


presence and the abundance of OTUs in each of the clone 
library are given in Table 1. 


Composition of the bacterial community 
during fermentation of pu-erh tea 


The taxonomic annotations of the OTUs were identified by 
the RDP Naive Bayesian rRNA Classifier (Table 2). 

A total of 157 good-quality sequences were produced in 
clone library LD-0. At a 97 % similarity level, these 
sequences are grouped into 11 OTUs belonging to the Pro- 
teobacteria; 99.4 % are grouped into the Gammaproteobac- 
teria class and the remaining 0.6 % belongs to the 
Alphaproteobacteria class (Table 2). At the family level, most 
bacteria (92.2 %) belong to the Enterobacteriaceae (Table 2). 
At the genus level, with the exception of three (1.9 %) OTUs 
identified as unclassified_Gammaproteobacteria, 89.7 % 
were grouped into the unclassified_Enterobacteriaceae, 
5.1 % were Pseudomonas, 2.5 % were Buttiauxella and 
0.6 % was Ochrobactrum. 

In all, 139 sequences produced in the clone library LD-5 
were grouped into 4 OTUs and belongs to Proteobacteria, 
Gammaproteobacteria, Enterobacteriales, Enterobacteria- 
ceae, unclassified_Enterobacteriaceae (Table 2). 

All 115 sequences produced in the clone library LD-10 
were grouped into 16 OTUs and these were identified at the 
phylum level as Proteobacteria (81.8 %), Firmicutes 
(11.3 %), Actinobacteria (4.3 %), Bacteroidetes (0.9 %) and 
unclassified_Bacteria (1.7 %). At the family level, the 
bacteria were identified as Enterobacteriaceae (80 %), 
Bacillaceae (10.4 %), Dermabacteraceae (4.3 %), Sphingo- 
bacteriaceae (0.90 %), Paenibacillaceae (0.90 %), Alcali- 
genaceae (0.90 %) and Burkholderiaceae (0.90 %) (Table 2). 
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These OTUs were grouped into 11 genera and most (80.0 %) 
were unclassified_Enterobacteriaceae. 

The 174 sequences produced in the clone library LD-15 
were grouped into 11 OTUs. At the phylum level, these 
OTUs were identified as Firmicutes (90.8 %) and Proteo- 
bacteria (9.2 %). These sequences were further classified 
into families as Bacillaceae (83.9 %), Enterobacteriaceae 
(7.5 %), Sporolactobacillaceae (4.0 %), unclassified_Ba- 
cillales (1.7 %), Paenibacillaceae (1.1 %), Burkholderia- 
ceae (1.1 %) and Brucellaceae (0.6 %) (Table 2). At the 
genus level, these OTUs were grouped into eight genera 
and most (77.0 %) were Bacillus (Table 2). 

The 162 sequences produced in the clone library LD-20 
were grouped into 20 OTUs. At the phylum level, these 
OTUs were identified as Proteobacteria (43.7 %), Firmi- 
cutes (43.1 %), Bacteroidetes (6.2 %), Actinobacteria 
(1.80 %) and unclassified_Bacteria (4.9 %). These OTUs 
were further classified into the families Bacillaceae 
(37.6 %), Enterobacteriaceae (33.80 %), Brucellaceae 
(4.30 %), Burkholderiaceae (3.80 %), Sphingobacteriaceae 
(3.70 %), Chitinophagaceae (2.50 %), Pseudomonadaceae 
(1.80 %), Dermabacteraceae (1.20 %), Pseudonocardia- 
ceae (0.60 %), Paenibacillaceae (0.60 %) and Thermoac- 
tinomycetaceae (0.60 %). At the genus level, with the 
exception of three OTUs that are presently unknown, the 
OTUs were grouped into the genera Bacillus (37.6 %), 
unclassified_Enterobacteriaceae (32 %), Ochrobactrum 
(4.3 %), Burkholderia (3.8 %), Sphingobacterium (3.7 %), 
Chitinophaga (2.5 %), Citrobacter (1.2 %), Pseudomonas 
(1.2 %), Brachybacterium (1.2 %), Saccharopolyspora 
(0.6 %), Enterococcus (0.6 %) and Thermoactinomyces 
(0.6 %) (Table 2). 


Bacterial community dynamics during fermentation 
of pu-erh tea 


The structure and dynamics of the bacterial community 
varied during this time, as shown in Fig. 2. The dominant 
bacteria were Enterobacteriaceae in LD-0, LD-5 and LD-10, 
and the relative abundance of dominant bacteria was 91.7, 
100 and 80 %, respectively. The dominant bacteria were 
changed to Bacillaceae 85.6 % at LD-15. Bacterial diversity 
was increased in the last stage of fermentation, the relative 
abundance of Bacillaceae was decreased to 42.0 % and that 
of Enterobacteriaceae was increased to 33.3 %. 


Discussion 


Fermentation and temperature change 


In this study, the tea mass was held in a self-developing 
fermentation tank with automatic mixing (Supporting 
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Table 2 Taxonomic groups and bacterial community of OTUs from clone libraries LD-0, LD-5, LD-10, LD-15, and LD-20 


Accession no 


JX559700 
JX559728 
JX559730 
JX559715 
JX559704 
JX559693 
JX559695 
JX559696 
JX559697 
JX559698 
JX559699 
JX559716 
JX559720 
JX559713 
JX559724 
JX559733 
JX559734 
JX559732 
JX559722 
JX559692 
JX559701 
JX559702 
JX559703 
JX559705 
JX559718 
JX559719 
JX559706 
JX559707 
JX559709 
JX559723 
JX559725 
JX559736 
JX559717 
JX559726 
JX559727 
JX559710 
JX559729 
JX559735 
JX559738 


Taxonomic groups identified with the 
RDP Naive Bayesian rRNA Classifier 


Genus 


Brachybacterium 
Saccharopolyspora 
Sphingobacterium 
Unclassified_Sphingobacteriaceae 
Chitinophaga 

Bacillus 

Bacillus 

Bacillus 

Bacillus 

Geobacillus 

Aeribacillus 

Oceanobacillus 

Enterococcus 

Paenibacillus 

Thermobacillus 

Tuberibacillus 
Thermoactinomyces 
Ochrobactrum 

Bordetella 

Burkholderia 

Burkholderia 

Buttiauxella 
Unclassified_Enterobacteriaceae 
Citrobacter 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Unclassified_Enterobacteriaceae 
Pseudomonas 

Pseudomonas 


Unclassified_Enterobacteriaceae 


— the taxonomic group is present unknown 


Fig. 1). The temperature of the tea mass during fermenta- 
tion is shown in Fig. 3. The leaves were mixed on days 5, 
12 and 17 and tap water was added to keep the solids 
content at 65-75 % on day 12 (as judged by the manu- 
facturer). The temperature was increased after the tea mass 


Distribution of bacteria 
No. of clones (relative abundance) 


LD-0 LD-5 LD-10 
0 0 5 (4.3 %) 
0 0 0 

0 0 0 

0 0 1 (0.9 %) 
0 0 0 

0 0 0 

0 0 6 (5.2 %) 
0 0 2 (1.7 %) 
0 0 0 

0 0 0 

0 0 1 (0.9 %) 
0 0 2 (1.7 %) 
0 0 1 (0.9 %) 
0 0 0 

0 0 1 (0.9 %) 
0 0 0 

0 0 0 

0 0 0 

1 (0.6 %) 0 0 

0 0 1 (0.9 %) 
0 0 1 (0.9 %) 
0 0 0 

4 (2.5 %) 0 0 

30 (19.1%) 0 29 (25.2 %) 
0 0 0 

24 (15.3%) 214%) 6 (5.2 %) 
7 (4.5 %) 0 0 

0 0 0 

1 (0.6 %) 0 0 

47 (29.9%) 6 (4.3 %) 1 (0.9 %) 
0 0 0 

31 (19.7%)  7(5.0 %) 50 (43.5 %) 
0 124 (89.2%) 6 (5.2 %) 
0 0 0 

8 (5.1 %) 0 0 

1 (0.6 %) 0 0 

0 0 2 (1.7 %) 
3 (1.9 %) 0 0 

0 0 0 


3 (1.7 %) 
134 (77 %) 


LD-20 


2 (1.2 %) 

1 (0.6 %) 

6 (3.7 %) 

0 

4 (2.5 %) 

7 (4.3 %) 
58 (35.8 %) 
0 

1 (0.6 %) 

2 (1.2 %) 


2 (1.2 %) 
13 (8.0 %) 
0 

2 (1.2 %) 
37 (22.8 %) 
0 


was loaded into the fermentation tank, reaching 50 °C on 
day 4 and maintained at 55 ~ 60 °C from days 4-12. The 
temperature was decreased to 40 °C after mixing on day 
12. Tap water was added on day 12 and the temperature 
was stable at this value for two days. The temperature was 
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Fig. 2 Distribution and relative 
abundance of bacterial 
taxonomic groups at the family 
and phylum level of LD-0 (a), 
LD-S5 (b), LD-10 (ec), LD-15 (d), 
LD-20 (e) 
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Fig. 3 Temperature of tea mass during fermentation 


increased to 60 °C on day 17, maintained at >50 °C for 
three days and, finally, decreased to 30 °C. In normal pu- 
erh shucha fermentation, the temperature is increased after 
the tea mass is piled, and can reach 50-60 °C. The tea mass 
are broken down, mixed and piled again if the temperature 
is too high (as judged by the manufacturer). Water is added 
during the mixing process as necessary (as judged by the 
manufacturer).The temperature will generally decrease to 
30-40 °C after the broken down and mixing process, 
remain at 30-40°C for several days and gradually 
increased to 50-60 °C. The temperature change during 
fermentation in this study was in accord with general pu- 
erh shucha fermentation. 


Source of bacteria 


OTUs were identified in clone libraries; 11 in LD-O, 4 in 
LD-5, 16 in LD-10, 11 in LD-1I5 and 20 in LD-20 
(Table 1). Three of the OTUs in LD-5 were detected also 
in LD-0, showing partial active bacteria in the initial fer- 
mentation of pu-erh shucha came from the raw material 
(sun-dried green tea). The dominant OTU in LD-5 was not 
found in LD-O, indicating the dominant active bacteria in 
the fermentation chamber came from water or air. Twelve 
OTUs identified in LD-10 were not in LD-5. The number 
of OTUs in LD-15 was decreased compared to LD-10 but 
six of the OTUs identified in LD-15 were not in LD-10. 
Fourteen of the 20 OTUs identified in LD-20 were not in 
LD-15. These data suggested the active bacteria in the 
fermentation tank came from water or air, and the envi- 
ronmental bacteria were inoculated into the tea mass 
throughout the fermentation process. 


Enterobacteriaceae pu-erh tea fermentation 


Bacteria in the Enterobacteriaceae are widely distributed in 
nature (e.g. in soil, water, plants, insects and animals) 
(Denis et al. 2006), so there is a possibility that the 
Enterobacteriaceae were dominant in the sun-dried green 
tea and the initial stages of fermentation LD-5 and -10. 
Many members of the Enterobacteriaceae are harmless 


symbionts but some, such as Salmonella, Yersinia, Vibrio 
and Pseudomonas, are well-known pathogens (Williams 
et al. 2010). So, the Enterobacteriaceae present in the raw 
material and during fermentation of pu-erh shucha need 
further study to determine whether they are harmless 
symbionts or pathogens? 


The temperature and thermoduric bacteria 


The dominant bacteria were changed to Bacillaceae 85.6 % 
at LD-15, likely because the temperature varied from 40 to 
60 °C (Fig. 3) and the abundance of thermoduric bacteria, 
such as Bacillus coagulans was increasing and became 
dominant (Endres et al. 2009; Endres et al. 2011). In the 
last stage of fermentation, the temperature was decreasing, 
bacterial diversity was increasing, the relative abundance 
of Bacillaceae was decreasing to 42.0 % and the relative 
abundance of Enterobacteriaceae was increasing to 33.3 %. 
The composition of the bacterial community was likely 
related to the temperature of fermentation, suggesting we 
could control the microbe profile by controlling the tem- 
perature during the fermentation of pu-erh shucha. For 
example, it is possible to keep the abundance of Bacillus 
sp. at a high level by keeping the temperature >50 °C in 
the last stage followed by rapid drying of the tea solids. 


The B. coagulans in pu-erh tea fermentation 


It is interesting that the dominant OTUs at LD-15 and LD- 
20 share 100 % identity with those of B. coagulans, a 
probiotic that has shown beneficial effects on the intestinal 
environment, stool frequency and characteristics, and der- 
mal attributes in animals and humans (Endres et al. 2009, 
2011). B. coagulans has been assessed for safety as a food 
ingredient (Endres et al. 2009, 2011) and has been added 
by the European Food Safety Authority to their Qualified 
Presumption of Safety (QPS) list (European Food Safety 
Authority 2008) and approved as Generally Recognized as 
Safe (GRAS) by the U.S. Food and Drug Administration 
Center (Ganeden Biotech 2011). Because B. coagulans was 
the dominant bacterium during fermentation of pu-erh 
shucha, it is a safety probiotic and is used as a safe ther- 
moduric probiotic to improve the flavor and shelf life of 
natto (traditional Japanese fermented soybeans) (Endres 
et al. 2009), we suggest artificial inoculation of this bac- 
terium could improve the health benefits of pu-erh shucha 
or produce probiotic pu-erh tea. 


Conclusion 


In conclusion, the bacteria active during fermentation of 
pu-erh tea were identified using five 16S rRNA gene clone 
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libraries with individual libraries containing 115-174 
sequences and 4—20 unique OTUs. The bacteria belong to 
four phyla and ten families were identified. The dominant 
bacteria at LD-0, -5 and -10 were Enterobacteriaceae, 
which was changed to Bacillaceae at LD-15 and -20. The 
dominant OTUs at LD-15 and -20 were closely related to 
B. coagulans, a safe thermoduric probiotic. Together, these 
results provide the diversity and dynamics of bacteria 
during a fermentation of pu-erh shucha, and suggest an 
interesting direction for research and application of B. 
coagulans in the fermentation of pu-erh tea. 
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